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Abstract
Influenza remains the single most important cause of excess disability and mortality during the
winter months. In spite of widespread influenza vaccination programs leading to demonstrated
cost-savings in the over 65 population, hospitalization and death rates for acute respiratory
illnesses continue to rise. As a person ages, increased serum levels of inflammatory cytokines are
commonly recorded (TNF-α, IL-1, IL-6). Termed “inflammaging”, this has been linked to
persistent cytomegalovirus (CMV) infection and immune senescence, while increased anti-
inflammatory cytokines (IL-10, TGF-β) are possibly associated with more healthy aging.
Paradoxically, a shift with aging toward an anti-inflammatory (IL-10) response and decline in the
IFN-γ:IL-10 ratio in influenza-challenged peripheral blood mononuclear cells is associated with a
decline in the cytolytic capacity of CD8+ T cells responsible for clearing influenza virus from
infected lung tissue. Thus, it is seemingly counter intuitive that the immune phenotype of healthy
aging predicts a poor cell-mediated immune response and more serious outcomes of influenza.
Herein we postulate a mechanistic link between the accumulation of late-stage, potentially
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terminally-differentiated T cells, many or most of which result from CMV infection, and the
immunopathogenesis of influenza infection, mediated by granzyme B in older adults. Further,
adjuvanted influenza vaccines that stimulate inflammatory cytokines and suppress the IL-10
response to influenza challenge, would be expected to enhance protection in the 65+ population.
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1. Impact of Influenza in Older Adults
The decline of immune function in older people is a hallmark of aging and affects the ability
of this vulnerable population to resist influenza and respond to vaccination. Influenza is
foremost among all infectious diseases in the increase of age-related risk for serious
complications. During the winter months, influenza is the probable cause of most of the
excess mortality from cardiovascular diseases, strokes, diabetes, and pneumonia in the
population aged 70 years and older [1, 2]. Of the current estimated 36,000 influenza deaths
in the United States each year, 90% occur in older adults and most are related to
cardiovascular and pneumonia complications of influenza A/H3N2 infections [3].
Furthermore, influenza-related hospitalizations (~200,000/year) are associated with a
significant loss of independence in activities of daily living [4]. Specifically, influenza,
pneumonia and the cardiovascular complications thereof are among the six leading causes of
catastrophic disability in older adults [5]. The potential for losing as much as 50% of lower
limb muscle strength (5% per day) during hospitalization [6–8], is an often unrecognized
sequela associated with significant and long-lasting diminished quality of life. A rise in
hospitalization rates and increased lengths of hospital stay for acute respiratory illnesses and
cardiovascular diseases during the influenza season has also been found [9–11]. Given the
burden of cardiovascular diseases, particularly heart failure in older adults, which peaks at a
prevalence of 8% in the 70 years and older age group [12], the number of older persons who
are permanently disabled from influenza-related illnesses will continue to increase.

2. Influenza Subtype and Risk for Influenza Illness
In older adults (compared to children and younger adults), A/H3N2 strains are by far the
most common cause of hospitalization and death, followed by the B strains, and then A/
H1N1 strains including the pandemic and previous seasonal strains [3, 11, 13–16]. This
distinction becomes important in the clinical trials of new influenza vaccines; attack rates
will be highest during the years in which A/H3N2 strains predominate as the circulating
strain, and thus are more likely to detect a difference between the vaccines being compared.
Further, increased disability from the complications of influenza illness will contribute to
frailty in the population during the years when A/H3N2 strains circulate.

Older people have recently experienced somewhat of a reprieve from the impact of influenza
when the usual seasonal strains were replaced by pandemic H1N1, which can be explained
by the immunologic recall of the protection offered by their childhood exposure to influenza
strains similar to pandemic A/H1N1. As we return to influenza seasons with an anticipated
more prevalent circulation of A/H3N2 strains, the steadily increasing population aged 65
years and older, will again be vulnerable to seasonal influenza. Preventive measures taken,
of which widespread influenza vaccination programs are the most prominent, often result in
vaccine failures in this population [9]. This, along with the rising prevalence of conditions
that lead to a high-risk for complicated influenza illness (vide infra), is a significant factor in
the increased rates of influenza-related hospitalization and death in older adults.
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3. Co-morbidity Burden and Influenza Risk
The Clinical Prediction Rule predicts risk for hospitalization or death due to pneumonia or
influenza in older people. Notably, the most vulnerable older adults experience more than 60
times the risk of hospitalization and death compared to that of healthy adults aged 65 to 75
years. Not surprisingly, very advanced age, a prior hospital admission for influenza or
pneumonia, and chronic conditions particularly those requiring monthly medical follow-up
(specifically, chronic heart and lung conditions, renal diseases or transplant, dementia or
stroke, and haematological and non-haematological cancer), were associated with the
highest risk. Influenza vaccination was shown to reduce this risk by one third [17, 18].
However, rising hospitalization rates for influenza-like illness may be attributed to the
increasing prevalence of chronic diseases and increased risk for complicated respiratory
illness due to influenza and other respiratory viruses [4, 9].

4. Frailty and Influenza Risk
Frailty is a complex, dynamic and multifactorial syndrome in older adults that represents a
reduction in physiological reserve, limited ability to resist environmental stressors, and
increased risk of functional decline and mortality [19–22]. Physical frailty can be classified
based on the presence of three or more of: slowed walking speed, self-reported exhaustion,
grip strength, weight loss, and low physical activity [23], and has been associated with a loss
of vaccine-mediated protection against influenza illness [24]. The Frailty Index, which
measures the degree to which a person is frail [25], relates to the accumulation of deficits in
30 or more aspects of self-reported health including co-morbidities and functional status
[26], and predicts mortality risk [27]. The Frailty Index has been shown to predict outcomes
of chronic diseases such as heart failure [28], and the response to pneumococcal vaccination
[29]. The Frailty Index can be used to evaluate the relationship between overall health
status, biomarkers of immunologic age, and T cell correlates of protection, as predictors of
clinical outcomes of vaccination in older adults.

5. Inflammaging, Immune Senescence, and Influenza Risk
An emerging theory is that “inflammaging”, the chronic elevation of inflammatory
mediators during aging (See Figure 1), drives a number of adverse changes including those
related to immune senescence [30, 31]. These inflammatory changes including high serum
levels of IL-6 and increased frailty have been associated with persistent cytomegalovirus
(CMV) infection [32]. Detected as the presence of antibody to CMV with a ca. 90%
prevalence in ≥ 80 year olds [33]), CMV is postulated to drive T cells to late and terminally
differentiated states reflected in the accumulation of potentially senescent T cells [34]. The
serious complications of influenza have been attributed to age-related changes in T cell-
mediated immunity, which have also been linked to persistent CMV infection and functional
decline [35].

Thymic involution and a decline in naïve T cell output with increasing age, together with a
lifetime of exposure to a variety of pathogens, leads to a dramatic reduction in the naïve T
cell pool and a relative increase in the proportion of memory T cells. Within the total
memory pool, the most notable functional changes occur in the CD8+ T cell (CTL) subset,
where increased proportions of CD8+ T cells, which no longer express the co-stimulatory
molecule, CD28, have been associated with poor antibody responses to influenza
vaccination [36, 37], a decline in influenza-specific memory T cells [38], and seropositivity
for CMV [39]. Indeed, it has been shown that most of these CD8+CD28− memory T cells
are part of large clonal expansions that are specific for persistent viruses, mainly CMV [40].
However, a direct link between changes in CD8+ T cells related to CMV seropositivity, and

McElhaney et al. Page 3

Vaccine. Author manuscript; available in PMC 2013 March 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the dramatic increase with age in the risk for vaccine failure and complicated influenza
illness has yet to be made.

Terminally-differentiated (including potentially senescent) T cells upregulate IL-10
production [34], a cytokine that has been to suppress CTL responses [41]. Indeed, CMV
itself has also been shown to encode a viral homolog of human IL-10, which may further
contribute to dysregulated immune responses in old age [42]. In addition to the suppression
of IFN-γ production, IL-10 has been shown to downregulate the expression of costimulatory
molecules on antigen-presenting dendritic cells (DC), which limits the stimulation of T cell
memory and has been correlated with poorer responses to influenza vaccination in the
elderly [43]. Thus, downregulating IL-10 production and increasing viral antigen
presentation could improve the CTL response to vaccination.

6. Effects of Late and Terminally Differentiated T cells and Extracellular
Granzyme B

We have now developed a biomarker, based on an ex vivo assay indicating the baseline
level of granzyme B (GrzB, a proapoptotic serine protease) activity in unstimulated T cells,
called “bGrzB”. The abnormal expression of active GrzB in this context is highly correlated
with the frequency of T cells with a terminally differentiated or senescent phenotype
(unpublished observations). The levels of bGrzB acitivity in resting T cells are significantly
increased in older adults who are seropositive for persistent CMV infection compared to
seronegative age-matched controls (See Figure 2). In contrast, young adults have low levels
of bGrzB activity independent of CMV serologic status (unpublished observations.

The higher level of bGrzB activity in older compared to young adults is associated with an
increase in the proportion of CD8+ T cells that express GrzB. Further, a greater proportion
of these GrzB+ T cells from older compared to young adults degranulate in response to
influenza challenge, suggesting some of them are non-specifically stimulated as bystanders
in the process (See Figure 3 and [44]). In older adults with heart failure, these cells are
degranulating and releasing GrzB in the absence of ex vivo stimulation (Figure 3). Such
cytotoxic T lymphocytes (CTL) show no response to influenza vaccination; degranulation in
the absence of virus stimulation may be related to in vivo exposure to the inflammatory
environment associated with heart failure and the damaging effects of extracellular GrzB
[45].

A high proportion of CD8+ T cells, express GrzB at baseline and do not co-express perforin
(Perf) in response to influenza challenge [46]. In the absence of Perf, degranulation of GrzB
and release into the extracellular space results in degradation of the extracellular matrix
(ECM) and inflammation (See Figure 4). GrzB co-localizes with CD8+ T cells in
atherosclerotic lesions leading to plaque instability by inducing apoptosis and/or anoikis of
vascular smooth muscle cells and potentially inducing cleavage of extracellular matrix [47–
50]. Extracellular GrzB has also been implicated in animal and human models of age-related
dermatological, cardiovascular and pulmonary diseases [51–56]. Similarly in animal models,
GrzB has been shown to be a key enzyme in tissue degradation that leads to aortic aneurysm
rupture; rupture is delayed and survival increases in GrzB knock-out mice and in the
presence of a biologic inhibitor of GrzB [54, 55]. Inflammatory responses stimulated by
extracellular GrzB have recently been linked to its proteolytic cleavage of IL-1α, which
enhances the biological activity of this cytokine and results in a 2-3-fold increase in IL-6,
IL-8 and GM-CSF levels [56]. These results suggest that increased levels of bGrzB may be a
common thread between immune dysfunction and the increased risk for serious illness
including the cardiovascular complications of influenza infection in older adults.
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7. Immunopathogenesis in Influenza Infection
Inflammatory cytokines including tumour necrosis factor-alpha (TNF-α), and alpha and beta
interferons (IFN-α, IFN-β) have been implicated in the pathogenesis of influenza infection.
Although critical to the down-regulation of intracellular protein synthesis that limits new
virus production, these cytokines along with interleukins (IL-1β, IL-6) produced to stimulate
the adaptive immune response, are largely responsible for the systemic symptoms of
influenza illness including fever and myalgia. Further, clinical observations of disease
mediated by A/H3N2 vs. A/H1N1 or B strains of influenza have been linked to differential
stimulation of cytokines in older adults [14]. In particular, higher plasma IL-6 levels
correspond to increased respiratory symptom scores and temperature in community-acquired
influenza A illness, in association with a number of cytokines which have also been found to
be elevated [57]. Paradoxically, older people often do not mount a fever response to
influenza infection even though IL-6 levels increase with age and in response to influenza
challenge in their PBMC cultures (unpublished observations). This dysregulated response
could be mediated by the release of GrzB and extracellular cleavage of IL-1α, resulting in
increased levels of inflammatory cytokines, which stimulate an anti-inflammatory response
and suppress CTL activity.

8. The Innate Immune Response to Influenza Infection
The innate immune response provides the first line of defence and is stimulated when virus
escapes antibody binding and infects the cells of the respiratory tract. The innate immune
response is activated within a few hours of infection and lasts for 1 to 2 days before the
transition to the adaptive immune response. Type I interferons (IFN-α/β) are among the
most important cytokines produced by the innate immune response and have several critical
anti-viral functions, stimulating intracellular anti-viral proteins and inhibiting synthesis of
cellular proteins, to prevent viral replication. Interferons also recruit monocytes/
macrophages. An age-related decline in the IFN-α response to influenza virus has been
related to a defect in Toll-like receptor (TLR) signalling, specifically TLR7, which is a
receptor for single-stranded RNA derived from influenza virus [58]. The function of TLR on
macrophages and dendritic cells is to register the danger signals of invading pathogens,
which also contributes to the generation of cytokines involved in innate and adaptive
immune mechanisms. Although the expression of TLR declines with aging [59], the
functional consequence of this age-related change remains an area of controversy requiring
further investigation [60]. Clearly, the role of TLR appears to be important in antigen
presentation and the transition to an adaptive immune response to more specifically target
clearance of the virus. Defective TLR7 signalling and IFN-α responses to influenza would
suggest a critical defect in innate immune function that would facilitate the establishment
and spread of influenza to the lungs, contributing to the increased risk for severe influenza
infection in older adults.

9. The Adaptive Immune Response during Influenza Infection
Influenza vaccination or natural infection stimulates antibodies to the surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA), which bind to the virus to respectively
prevent infection of or release from the host cell. Antibodies cannot gain access to the
intracellular environment and once infection occurs, the capacity of antibody response to
limit the spread of infection may be overwhelmed by the large numbers of virus particles
released from infected host cells. In older adults, it appears that the traditional role of
vaccines in providing antibody-mediated protection against infection, or “sterilizing
immunity”, is replaced by T-cell mediated clearance of the virus once infection occurs, thus
providing “clinical protection” against disease.
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IFNγ is an important cytokine in the defense against viral infections while IL-10 suppresses
these defense mechanisms. Our work has shown a decline with aging in the IFNγ:IL-10
ratio in response to influenza virus challenge [61]. Further, the IFNγ:IL-10 ratio correlates
with protection against influenza in older adults [62]. The importance of T cell-mediated
clinical protection against influenza in older adults is increasingly recognized and has
underscored the importance of including cellular immune measures in the assessment of
vaccine efficacy in the over 65 population [63]. Age-related changes in T cell function are
associated with a decline in the antibody response to influenza vaccination [36, 37] but
mechanistic links with loss of protection against influenza illness yet to be clearly defined.

Virus-specific killing to clear influenza from the lungs is mediated by granzymes contained
in granules within CTL. Granules migrate to the “immune synapse” between the activated
CTL and the virus-infected target cell, and through a process facilitated by perforin (Perf),
granzymes are transported across the cell membrane into the cytoplasm of the infected host
cell (See Figure 4). GrzB is a key element in the enzymatic cascade that leads to apoptotic
cell death [64] and clearance of influenza virus from the lungs [65, 66]. In older adults,
GrzB activity in virus-stimulated PBMC correlates with protection against influenza [44, 62]
but its co-expression with Perf is diminished in the elderly [67]. We have found that there is
an age-related decline in the magnitude and duration of the CD8+ T cell response to the
current influenza vaccines; by 10 weeks post-vaccination, there is a significant reduction in
the proportion of cells that co-express perforin with GrzB and this is associated with a
dramatic decline in their cytolytic activity (Summarized in Figure 5 from [46]). These
results correspond to low level GrzB activity in influenza-challenged PBMC, which not only
predicts increased risk of influenza illness [44, 62], but also illness severity [68] in older
adults. However, given that older adults can mount a robust GrzB response to influenza
vaccination following a recent influenza infection [44], this suggests that the defect in CD8+
T cell memory is reversible and could be exploited in the design of new influenza vaccines.

10. Improving Protection Against Influenza
Influenza vaccination programs have been shown to be cost-effective in older people and
even cost saving in developed countries. While annual vaccination is the mainstay of
influenza management, it is apparent that current influenza vaccines are not keeping pace
with the changing risk profile of an aging population [69–81]. A concerted effort to develop
more effective influenza vaccines for the 65+ population [82, 83] requires an increased
understanding of how these vaccines can be designed to stimulate a cell-mediated response
that improves protection especially against serious illness.

In the development of new influenza vaccines, the inclusion of internal proteins of the virus
including matrix (M) and nucleoproteins (NP) are necessary to stimulate a CTL (CD8+ T
cell) response. In this regard, it is important to realize that the current split-virus vaccines
(SVV) differ from subunit influenza vaccines (SuV) with respect to the protein composition:
SVV contain all the virus proteins including the internal proteins, whereas SuV contain only
the surface proteins, hemaglutinin (HA) and neuraminidase (NA). In vitro evidence suggests
that SVV are superior to SuV for activating human T cell responses and that this is
dependent on the internal protein content [84]. Studies of CTL epitopes (viral peptides
presented on the Major Histocompatibility Complex (MHC I) of the antigen-presenting or
virus-infected cell which stimulate influenza-specific CTL) derived from the various
influenza A proteins have predicted 167 epitopes within conserved regions on influenza
proteins [85, 86]. Of these epitopes only 1 is on HA and 7 on NA. NP contains 17 putative
epitopes and an additional 142 epitopes are on the polymerase or matrix proteins, which are
not present in SuV. CTL are in general effectively induced by natural infection, which is
mimicked by vaccination with live attenuated virus and to some extent by SVV in older
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adults [43]. However, the often used SuV do not induce any response to internal proteins,
and the current killed vaccines are prepared from cloning HA and NA into the PR8 virus
that originates from 1934. Thus, when using current vaccines, T cell responses against
internal proteins are induced only against cross-specific epitopes if live attenuated or split
virus vaccines are used. Optimal re-stimulation of CTL memory may be achieved by
including the internal proteins of currently circulating influenza strains in the production of
SVV.

Given the potential for TLR agonists as vaccine adjuvants to improve the cell-mediated
immune response, we tested several TLR agonists in vitro and found that the TLR4 agonist,
Glucopyranosyl Lipid Adjuvant - Stable Emulsion (GLA-SE) could improve DC antigen-
presenting capacity when added to the current split-virus influenza vaccine (SVV). It
thereby improved the T cell response to influenza challenge in humans similar to what had
been found in animal studies [87]. Indeed, we have shown in a pre-clinical model using
human PBMC that treatment of PBMC with GLA-SE/SVV compared to SVV alone,
suppressed the IL-10 response (10-fold reduction) to live influenza challenge and was
associated with a significant increase in GrzB activity [88]. This suggests that the increased
IL-10 response to influenza challenge, which is associated with persistent CMV infection,
may be a key mediator of a suppressed CTL response to influenza vaccination in older
adults. Our future studies are designed to determine how terminally differentiated GrzB+ T
cells interact with inflammatory mediators to dysregulate the T cell response to influenza.
This may explain the increased risk of serious influenza illness and how defective T cell
responses in older adults could be reversed in the design of new vaccines.

11. Pathways to Developing New Influenza Vaccines
Haemagglutination inhibition (HI) assays are the current industry standard for measuring
antibody responses as a correlate of protection to estimate vaccine efficacy. Largely
supported by our work showing that antibody titers against influenza may fail to predict
protection in older adults [44, 62], there has been a paradigm shift in understanding the
limitations of antibody titers as a sole measure of influenza efficacy in older adults [63, 89–
93]. Specifically, HI assays may detect an age-related decline in the antibody response that
would predict a loss of vaccine efficacy [94, 95] but these results have not been directly
linked to vaccine failure in older adults. Even in young adults, post-vaccination titers alone
may fail to predict vaccine failures [96]. Virus neutralization assays are gaining acceptance
as a more functional assay but have not been established as correlates of protection.

In addition to stimulating an antibody response to HA and NA, current split-virus vaccines
effectively stimulate T helper cells, and vaccination of healthy older people increases IL-2 to
levels comparable to those in young adults [97–99]. In contrast, IFN-γ [100], IL-10 and the
IFN-γ:IL-10 ratio [61] all decline with aging. IFN-γ ELISPOTS, cytotoxicity assays, and
intracellular cytokine staining of CD4+ and CD8+ T cells have been used but none have
been shown to correlate with protection in older adults. Validated assays of the IFN-γ:IL-10
ratio and the GrzB response to influenza challenge [101] have yet to used as correlates of
protection in vaccine trials. Thus, we are left with HI assays of the antibody response to
influenza vaccination as a surrogate of vaccine efficacy to advance new influenza vaccines
through the different phases of clinical trials. However, the superiority of these novel
vaccines over current split virus formulations will need to be proven in trials with PCR-
confirmed influenza as an endpoint. Given the pitfalls of using antibody responses to predict
protection in older adults, this becomes a major risk in the conduct of Phase III clinical trials
requiring in excess of 40,000 older adults to demonstrate superiority over existing SVV.
Correlates of protection based on the cell-mediated immune response may complement
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antibody responses in screening for the best vaccine candidates earlier in the vaccine
development pipeline.

12. Summary
Understanding how genetic, environmental and systemic biomarkers of inflammaging
interact in their relationship to the onset of frailty and accelerated immune senescence is the
subject of ongoing studies [30, 102]. The effects of inflammatory cytokines, IL-6, IL-8,
IL-15, and TNF-α contribute to protection from infectious diseases but increased serum
levels of IL-6 and CMV antibody have been associated with an increased incidence of frailty
[103]. To counterbalance this effect, increased levels of anti-inflammatory cytokines such as
IL-10 have been associated with successful aging but diminished resistance to infectious
diseases. This paradox may be related to the limitations of serologic biomarkers – are we
observing the cause or effect of a dysregulated immune response especially under conditions
of an acute infection?

We postulate that late-stage, potentially terminally-differentiated T cells resulting from
CMV infection are recruited to the site of infection but have no cytolytic potential. Further,
the release of GrzB from these cells into the extracellular environment potentiates the
inflammatory response and stimulates anti-inflammatory cytokines that suppress cytolytic T
cells and viral clearance. Designing new influenza vaccines to reduce the IL-10 response to
influenza infection and more effectively stimulate CTL for early clearance of the virus will
be important for improved protection in older adults. Continued reliance on antibody titers
as a sole surrogate of vaccine efficacy remains a major barrier to this strategy for vaccine
development in the 65+ population.

Highlights

In older adults:

• As part of the “inflammaging” process, innate immune processes may not only
be ineffective, they may result in harmful inflammatory responses to infection.

• Increased levels of “bGrzB” activity associated with CMV, may be a common
thread between immune dysfunction and the risk for cardiovascular
complications of influenza.

• The IFN-γ:IL-10 ratio and GrzB activity in influenza-challenged PBMC can be
used as biomarkers to firmly establish vaccine-mediated protection/failure

• Adding specific adjuvants may further enhance vaccine responses even in the
face of a suboptimal immune system.

• Reliance on antibody titers as a sole predictor of vaccine efficacy is a major
barrier to the development of more effective influenza vaccines, which remains
an unmet need.
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Figure 1.
With permission reproduced from Franceschi C et al. [33]. Health aging: the Balance.
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Figure 2.
The GrzB assay is based on the enzyme’s unique substrate specificity to cleave the four
amino acid sequence (IEPD) at the aspartate (D) residue releasing the paranitroanalide,
which undergoes a colorimetric change detected on a plate reader. In this case, “bGrzB” is
measured in lysates of unstimulated CD3+ T cells purified by magnetic bead selection.
bGrzB activity is significantly higher in CMV+ vs. CMV− older adults (p=0.029) and
corresponds to the high proportion of GrzB+ CD8+ T cells found in unstimulated PBMC
shown in Figure 3.

McElhaney et al. Page 16

Vaccine. Author manuscript; available in PMC 2013 March 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
With permission, modified from McElhaney et al. [44]. Intracellular GrzB and the
degranulation marker CD107a are shown for effector CD45RA+CD8+ T cells. Healthy
young (HY) adults show low levels of GrzB+ cells (−virus) and degranulate (CD107a+)
only in response to influenza stimulation (+virus). Healthy older adults (HO) vs. HY show a
significantly increased proportion of GrzB+ cells (−virus) and higher proportions
degranulate in response to influenza (+virus). Older adults with CHF (CHF) show a further
increase in the proportion of GrzB+ cells, degranulate (CD107a+) in the resting state (in the
absence of virus) and show no response to virus stimulation.
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Figure 4.
Granzyme B (GrzB) is released by CTL and NK cells to induce apoptosis of virus-infected
cells and requires perforin for internalization into cells. Once inside the cell, GrzB induces
apoptosis and this is referred to as the classical GrzB/apoptosis pathway. In the absence of
perforin, GrzB is released into extracellular space (bGrzB is the biomarker) stimulating
GrzB in other cells and causing cleavage of IL-1α and the extracellular matrix causing
inflammation and loss of tissue integrity.
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Figure 5.
Summary of flow cytometry results from [46]. The response to influenza vaccination is
shown as the change in memory T cell frequency and the generation of Effector T cells in
response to ex vivo influenza challenge (*). Cytotoxicity of Effectors declines with age and
with time after vaccination (lighter colour = less cytotoxicity). The Memory CD8+ T cell
frequency is similar at 4 weeks post-vaccination but declines by 10 weeks post-vaccination
in older compared to young adults. Thus, CD8+ T cell immunity through vaccination is lost
by the time of the influenza season in older adults.
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